Abstract: Ordos became the new "coal capital" of China within a few decades since the country's economic reform in 1978, as large-scale surface coal mining dramatically propelled its per capita GDP from being one of the lowest to one of the highest in China, exceeding Hong Kong in 2009. Surface coal-mining areas (SCMAs) have continued to expand in this region during recent decades, resulting in serious environmental and socioeconomic consequences. To understand these impacts and promote regional sustainability, quantifying the spatiotemporal patterns of SCMAs is urgently needed. Thus, the main objectives of this study were to quantify the spatiotemporal patterns of SCMAs in the Ordos region from 1990 to 2015, and to examine some of the major environmental and socioeconomic impacts in the study region. We extracted the SCMAs using remote-sensing data, and then quantified their spatiotemporal patterns using landscape metrics. The loss of natural habitat and several socioeconomic indicators were examined in relation to surface coal mining. Our results show that the area of SCMAs increased from 7.12 km 2 to 355.95 km 2 , an increase of nearly 49 times from 1990 to 2015 in the Ordos region. The number of SCMAs in this region increased from 82 to 651, a nearly seven-fold increase. In particular, Zhungeer banner (an administrative division), Yijinhuoluo banner, Dongsheng District and Dalate banner in the north-eastern part of the Ordos region had higher growth rates of SCMAs. The income gap between urban and rural residents increased along with the growth in SCMAs, undermining social equity in the Ordos region. Moreover, the rapid increase in SCMAs resulted in natural habitat loss (including grasslands, forests, and deserts) across this region. Thus, we suggest that regional sustainability in Ordos needs to emphasize effective measures to curb large-scale surface coal mining in order to reduce the urban-rural income gap, and to restore degraded natural ecosystems.
Introduction
Surface coal-mining areas (SCMAs) refer to places where coal reserves are exploited using opencast mining techniques, including the surrounding areas associated with mining activities [1] . The Ordos region is located in the south-western part of the Inner Mongolia Autonomous Region, which is an important base of coal production in China. The coal reserves in this region account for about one-sixth of the national proven reserves, most of which are suitable for opencast mining [2] . In addition, with the semi-arid climate, the Ordos region has a vulnerable environment and is faced with multiple challenges of severe water shortages, high sensitivity to climate change and large-scale land degradation [3] [4] [5] . Since China's reform and opening up, the Ordos region has experienced a dramatic growth in SCMAs to meet the increasing demand for coal due to rapid socioeconomic development [6] . Such growth has resulted in numerous problems, including soil erosion, loss of lakes, soil and water pollution, and biodiversity decline, which undermine the sustainable development of this region [4, 7] . To assess the environmental and socioeconomic effects of SCMAs and improve sustainability in the Ordos region, understanding the spatiotemporal patterns of the SCMAs is an important and necessary step.
Several researchers have quantified the spatiotemporal patterns of SCMAs in the Ordos region. For example, Li et al. [6] quantified the spatiotemporal patterns of SCMAs in the Mu Us sandy lands in the Ordos region from 2000 to 2013. Kang et al. [8] quantified the spatiotemporal patterns of Heidaigou SCMAs in the Ordos region from 1987 to 2010. Zeng et al. [9] quantified the spatial patterns of SCMAs in the eastern part of Ordos in 2014. However, these studies only focused on the spatiotemporal patterns of SCMAs in partial areas of the Ordos region, lacking the research quantifying the spatiotemporal patterns of SCMAs in the entire Ordos region.
In this study, our primary objective was to quantify the spatiotemporal patterns of SCMAs in the entire Ordos region from 1990 to 2015. First, we extracted the SCMAs in the Ordos region for the years of 1990, 1995, 2000, 2005, 2010 , and 2015, using remote-sensing data. Then, we analyzed the spatiotemporal patterns of SCMAs from 1990 to 2015 based on the landscape metrics. Finally, we discussed the environmental and socioeconomic impacts of the changes in SCMAs by utilizing statistical data and land-use/cover data in the Ordos region.
Study Area and Data

Study Area
The Ordos region is located within 37 • 35 ~40 • 51 N and 106 • 42 ~111 • 27 E, and it covers an area of approximately 86,000 km 2 ( Figure 1 ). The topography is high in the west and low in the east, with an elevation between 850 m and 2149 m [10] . With a temperate continental climate, the Ordos region has an annual sunshine duration between 2716.4 h and 3193.9 h, an average annual temperature between 5.3 • C and 8.7 • C, and a mean annual precipitation ranging from 170 mm to 450 mm [11] . The Ordos region includes eight counties (Figure 1 ). In the period of 1990-2015, the total population increased from 1.20 million people to 2.05 million people, representing an increase of 70.83% in the region [12, 13] . The urban population increased from 0.22 million people to 1.50 million people, representing an increase of 5.82 times [12, 13] . The urbanization rate of the Ordos region increased from 18.27% to 73.13%, representing an increase of 3 times [12, 13] . The gross domestic product (GDP) increased from 1.49 trillion yuan to 422.61 trillion yuan, representing an increase of 282.63 times [12, 13] . The ratio of secondary industry increased from 25.43% to 56.79%, representing an increase of 1.23 times, while the ratio of tertiary industry increased from 26.65% to 40.87%, representing with an increase of 53.36% [12, 13] .
The Ordos region has abundant coal resources. In this region, the coal-bearing area covers about 70% of the total area, while the proven coal reserves account for 201.75 trillion tons [2] . Specifically, this region can be divided into four coalfields including the Zhungeer coalfield in the east, the Zhuozishan coalfield in the west, the Dongsheng coalfield in the south, and the Wulangeer coalfield in the north [14] . In addition, this region has various types of coal, such as brown coal, cannel coal, and no-caking coal. Most of those coal resources are buried in a shallow layer, which is suitable for opencast mining [14] . From 1990 to 2015, coal production in the Ordos region increased from 6.11 million tons to 616.93 million tons, representing growth of 100 times [12, 13] . In the same period, the coal price increased from 61.67 RMB yuan to 424.80 RMB yuan, a growth of about 6 times [12, 13] . The coal industry has played an important role in the socioeconomic development of Ordos [14] . Land-use/cover data for the Ordos region in 1990 were obtained from the China Land-Use/Cover Dataset (CLUD) published by the Chinese Academy of Sciences [15] [16] [17] . It covers 6 classifications including cropland, forest, grassland, water body, rural and other construction land, and desert, with a spatial resolution of 30 m.
Data
Socioeconomic data for the Ordos region from 1990 to 2015 were obtained from the Inner Mongolia Statistical Yearbooks and the Ordos Statistical Yearbooks. The socioeconomic data included the population, GDP, local government revenue, total investment in fixed assets, resident saving deposit, per-capita net income of peasants and herdsmen, per capita disposable income of urban residents, and coal production.
High-resolution images, acquired on September 12, 2015, were obtained from the Google Earth website (https://www.google.com/earth). The administrative boundaries were obtained from the National Geomatics Center of China at the scale of 1:1,000,000.
Methods
Extracting the Surface Coal-Mining Areas (SCMAs)
Following Zeng et al. [9] , we extracted the SCMAs in the Ordos region from the Landsat TM/OLI data for the years 1990, 1995, 2000, 2005, 2010 , and 2015, by combining the object-oriented decision trees (OODT) with the visual interpretation. Specifically, the OODT approach involves three main steps, i.e., object-oriented segmentation, calculation of spectral characteristics, and extraction of SCMAs [9] . First, we used an object-oriented multiscale image analysis method to segment the Landsat TM/OLI image. The segmentation scale parameter was set to 200, and the weights of color, shape, smoothness and compactness were set to 0.9, 0.1, 0.5, and 0.5, respectively [9] . Then, we calculated three indices that can capture the spectral characteristics of SCMAs for all segmented objects, following the methods used by Tucker [18] , Bouziani et al. [19] , Zhai et al. [20] , and Mao et al. [21] . These indices included the normalized difference coal index (NDCI), the normalized difference vegetation index (NDVI), and the built-up area index (BAI). Finally, we used the object-oriented decision trees developed by Zeng et al. [9] to extract the SCMAs in the Ordos region. Since some SCMAs would be omitted using the OODT approach [9] , we further performed visual interpretation to correct the results of the SCMAs
Quantifying the Spatiotemporal Patterns of SCMAs
Following Herzog [22] , Wu et al. [23] , and Liu et al. [24] , we used landscape metrics to quantify the spatiotemporal patterns of SCMAs from 1990 to 2015 in the Ordos region. First, we selected eight landscape metrics to quantify the composition and configuration of SCMAs in this region. These metrics included largest patch index (LPI), mean patch size (MPS), patch density (PD), edge density (ED), landscape shape index (LSI), area-weighted mean fractal dimension (AWMFD), mean Euclidean nearest neighbor distance (NND) and aggregation index (AI) ( Table 1) Table 1 . List of landscape metrics used in this study [25] .
Landscape Metric Abbreviation Description
Largest patch index LPI
Largest patch index at the class level quantifies the percentage of total landscape area comprised by the largest patch (unit: %).
Mean patch size MPS The average area of all patches in the landscape (unit: ha).
Patch density PD The number of patches per hectare (unit: Number of patches/ha).
Edge density ED The total length of all edge segments per hectare for the class or landscape of consideration (unit: m/ha).
Landscape shape index LSI A modified perimeter-area ratio of the form that measures the shape complexity of patch.
Area-weighted mean fractal dimension AWMFD
The patch fractal dimension weighted by relative patch area, which measures the average shape complexity of individual patches for the whole landscape or a specific patch type.
Mean Euclidean nearest neighbor distance NND The distance to the nearest neighboring forest patch, based on shortest edge-to-edge distance (unit: m).
Aggregation index AI
Aggregation index is calculated from an adjacency matrix, which shows the frequency with which different pairs of patch types (including like adjacencies between the same patch type) appear side-by-side on the map.
Results
Accuracy Assessment
Following Liu et al. [26] and He et al. [27] , we used the statistical data on coal production and the high-resolution images to assess the accuracy of the extracted SCMAs in the Ordos region from 1990 to 2015. First, the relationships between the area of the SCMAs and coal production were analyzed at the county level. The assessment showed that our extracted results had a strong correlation (R = 0.90) with statistical data on coal production at a significance level of 0.001 (Figure 2a ). In addition, we assessed the spatial accuracy of our extracted SCMAs in 2015 with reference to the SCMAs extracted from the high-resolution images. In this assessment process, five SCMAs were selected as sample areas. The assessments showed that there were an average Kappa value of 0.91, an average overall accuracy (OA) of 92.21%, an average quantity of disagreement (QD) of 1.88%, and an average allocation of disagreement (AD) of 1.91% (Figure 2b ). The relatively high accuracy suggests that the dynamics of SCMAs in the Ordos region from 1990 to 2015 were well captured in our study. 
Spatial Patterns of SCMAs in the Ordos Region
There were 651 SCMAs with a total area of 355.95 km 2 , accounting for 0.41% of the total land area within the study area in 2015 (Figure 3) . Most of the SCMAs were concentrated in the north-eastern part of Ordos. At the county level, the Zhungeer banner (an administrative division) had the largest area of SCMAs. The SCMAs in the Zhungeer banner had an area of 160.18 km 2 , accounting for 45.01% of the total area of SCMAs in the Ordos region. The Dongsheng district and the Yijinhuoluo banner had an area of SCMAs between 50 km 2 and 100 km 2 . The areas of SCMAs in the Dongsheng district and the Yijinhuoluo banner were 57.58 km 2 and 55.01 km 2 , respectively. The Dalate banner and the Etuoke banner had an area of SCMAs between 10 km 2 and 50 km 2 , while the former had the SCMAs of 41.58 km 2 and the latter had the SCMAs of 35.76 km 2 . The areas of SCMAs in the Hangjin banner, the Wushen banner, and the Etuokeqian banner were less than 10 km 2 , which were 0.20 km 2 , 2.56 km 2 , and 2.98 km 2 , respectively. 
Dynamics of SCMAs in the Ordos Region from 1990 to 2015
The Ordos region experienced rapid increases in area, number and fragmentation of SCMAs from 1990 to 2015 (Figure 4a ; Table 2 ). The area of SCMAs increased from 7.12 km 2 to 355.95 km 2 , representing an increase of 49.01 times (Figure 4b ). The number of SCMAs increased from 82 to 651, representing an increase of 6.94 times (Figure 4c ). The LPI, MPS, PD, ED, LSI, AWMFD and AI of the SCMAs showed an increase of 0.12%, 0.5 ha, 0.02 Num/ha, 166.38 m/ha, 0.5, 0.02 and 7.6, respectively ( Figure 5 ; Table 3 ), while the NND of the SCMAs decreased by 938.53 m. Among the eight counties, the Zhungeer banner experienced the rapidest increase of SCMAs. The area of SCMAs in the Zhungeer banner increased by 158.90 km 2 from 1990 to 2015, accounting for 45.55% of the total increased area of SCMAs in the study area (Figure 4d ). The Dongsheng district and the Yijinhuoluo banner had an increased area of SCMAs between 50 km 2 and 100 km 2 . In these two counties, the increased areas of SCMAs were 56.11 km 2 and 54.17 km 2 , accounting for 16.08% and 15.53% of the total increased area of SCMAs in the Ordos region, respectively. The Dalate banner and the Etuoke banner had an increased area of SCMAs between 10 km 2 and 50 km 2 . The increased area of SCMAs in the Dalate banner was 40.60 km 2 and accounted for 11.64% of the total increased area of SCMAs in the Ordos region. The increased area of SCMAs in the Etuoke banner was 33.17 km 2 and accounted for 9.51% of the total increased area of SCMAs in the study area. The Hangjin banner, the Wushen banner and the Etuokeqian banner had increased areas of SCMAs of less than 10 km 2 . The increased areas of SCMAs in the three counties were 0.20 km 2 , 2.56 km 2 and 2.98 km 2 , respectively, while the total increased area of SCMAs in the three counties only accounted for 1.65% of the total increased area of SCMAs in the Ordos region.
The Dongsheng district experienced the most obvious fragmentation of SCMAs, with the largest increases of LPI, PD, ED, LSI and AWMFD from 1990 to 2015 ( Figure 5 ; Table 3 ). Specifically, in the Dongsheng district, the LPI increased from 0.03% to 0.46% with growth of 14.33 times; the PD increased from 0.008 Num/ha to 0.045 Num/ha with growth of 4.63 times; the ED increased from 0.10 m/ha to 1.40 m/ha with growth of 13 times; the LSI increased from 1.28 to 1.95 with growth of 52.34%; while the AWMFD increased from 1.05 to 1.08 with growth of 2.86%. The Zhungeer banner had the largest variations of MPS and NND. In this area, the MPS increased from 6.36 ha to 77.07 ha with growth of 11.12 times, while the NND decreased from 3348.43 m to 815.19 m, representing a decline of 75.65%. The Dalate banner had the largest growth in AI, which increased from 86.57 to 96.08 with growth of 10.99%.
Socioeconomic Impacts of Surface Coal Mining
We found that the area of SCMAs had strong correlations with socioeconomic factors (e.g., population, GDP, and household income) between 1990 and 2015 at the county level in the Ordos region. The area of SCMAs had positive correlations (R > 0.40) with total population and urban population at the significance level of 0.05 ( Figure 6 ). It also had positive correlations (R > 0.70) with GDP, the GDP in secondary industry, and the GDP in tertiary industry at the significance level of 0.001, and had positive correlations (R > 0.40) with the per-capita net income of peasant and herdsman, the per capita disposable income of urban residents, and the human development index (HDI) at a significance level of 0.05. In addition, we also found that the area of SCMAs and the urban-rural income ratio were positively correlated (R = 0.49) at the significance level of 0.05. These correlations suggest that the GDP, the revenue of local governments, and the income of rural and urban residents all increased along with the growth in SCMAs, and thus surface coal mining promoted the socioeconomic development of the Ordos region. Between 1990 and 2015, the per capita disposable income of urban residents increased from 1032 yuan to 37,432 yuan, representing growth of 35.27 times. The per-capita net income of peasants and herdsmen increased from 600 yuan to 37,432 yuan with growth of 24.03 times. In the period of 1990-2015, the urban-rural income ratio increased from 1.72 to 2.60, an increase of 51.16%.
In addition, we compared the dynamics of socioeconomic indicators between the Zhungeer banner, with a widespread increase of SCMAs, and the Hangjin banner, almost without an increase of SCMAs ( Figure 7) . We found that the population density, urbanization rate, per-capita GDP, income of urban residents and the urban-rural income ratio showed much higher growth rates in the Zhungeer banner. In contrast, the income of peasants and herdsmen had a similar trend in these two banners. 
Loss of Natural Habitat Due to Surface Coal Mining
Surface coal mining has had a number of negative influences on the environment in the Ordos region, including the removal of natural vegetation and the consumption and contamination of water. In this study, however, we focused primarily on the loss of natural habitats because of the lack of reliable data on water use and pollution directly associated with coal mining in the region. The SCMAs caused natural habitat loss (Figure 8) , negatively affecting the biodiversity of this region. The total area of natural grasslands occupied by SCMAs was 247.45 km 2 , accounting for 72.70% of the total increased area of SCMAs. The desert and forest occupied by SCMAs were 21.52 km 2 and 19.13 km 2 , and accounted for 6.32% and 5.62% of the total increased area of SCMAs, respectively. Such losses of natural habitats would further influence threatened species in the Ordos region. According to the International Union for Conservation of Nature (IUCN) red list of threatened species [28] , there are 15 threatened species in the Ordos region and all of them show decreasing population trends (Table 4) . Among these species, 14 species experienced habitat loss due to the increased SCMAs, which included one critically endangered species, two endangered species, and 11 vulnerable species (Table 4) . Although the declining biodiversity in the region has been caused by myriad anthropogenic factors, surface coal mining has certainly exacerbated the situation. 
Discussion
Our study represents an assessment of the scope and speed of surface coal mining in the Ordos region, with a critical examination on its socioeconomic and environmental impacts. Our results corroborate some of the findings from previous studies. For example, Dong et al. [29] found that coal mining accelerated the process of urbanization in the Ordos region. Liu et al. [30] found that rapid economic development in the Ordos region mainly depended on coal mining. Liu et al. [16] found that the development of coal mining promoted the economy of this region, but the per-capita net income of peasants and herdsmen was not improved accordingly. Increases of the urban-rural income gap would influence the human well-being of rural people and cause social injustice [31] [32] [33] . Our study further showed that the urban-rural income gap continued to expand with the growth of SCMAs, which undermines social equity and stability in the Ordos region.
The economic growth in the Ordos region clearly took place primarily at the expense of its environment. Our study has shown that surface coal mining resulted in a great loss of natural ecosystems in this dryland region. Beyond habitat loss, previous studies also reported that increased SCMAs had caused a series of environmental issues such as land degradation, desertification, and air/water/soil pollution in the Ordos region. For example, Luo et al. [11] found that the increase of SCMAs was the key factor of land degradation in the northern part of the Ordos region. Zheng et al. [34] found that the annual change of underground water level from 2005 to 2014 was mainly influenced by coal exploitation in this region. Li et al. [35] found that the increases of SCMAs resulted in the decline of ecological carrying capacity and the growth in ecological footprint, aggravating the ecological deficit in this region. Specifically, the ecological footprint increased from 3.92 km 2 Furthermore, the effects of SCMAs on the environment may be further exacerbated. In 2016, the government of Ordos city issued the "plan for improving comprehensive competitiveness of the coal industry in Ordos city between 2016 and 2018" [36] . According to this plan, 14 new mining areas-Wanli, Zhungeer, Shengdong, Gaotouyao, Tarangaole, Xinjie, Hujieerte, Shanghaimiao, Nalinhe, the middle region of Zhungeer, Xinjietaigemiao, Nalinxili, Wulangeer, and Zhuozishan-will be constructed. Among these new mining areas, eight mining areas covering about 5000 km 2 in total have been approved by the National Development and Reform Commission in China.
Thus, central and local governments have paid close attention to the environmental impacts of increasing SCMAs in the Ordos region. To promote the sustainable development of this region, the government of Ordos city issued a trial program in 2012 for developing harmonious, human-oriented, and environment-friendly mining areas. This trial program proposed to find effective approaches for environmental conservation and restoration within and around the SCMAs. According to our findings, we suggest that the timely and accurate assessments of the impacts of SCMAs on natural habitats are needed during the construction of SCMAs. In addition, effective governance should be established to improve environmental management and promote cleaner production in the Ordos region.
Our current study focused primarily on quantifying the spatiotemporal patterns of surface coal mining in the Ordos region and assessing some of their major socioeconomic and environmental impacts. More comprehensive and in-depth analyses of environmental and socioeconomic impacts of surface coal mining are needed. For example, the social effects on the education and training of the workforce, access to infrastructure, and subjective well-being should be analyzed. In the future, we will use ecosystem services models-e.g., the integrated valuation of ecosystem services and tradeoffs (InVEST) and service path attribution networks (SPANs)-to evaluate the impacts of the expansion of SCMAs on ecosystem services such as water retention, carbon sequestration, and water purification under the framework of landscape sustainability science [37] . In addition, we plan to analyze the relationships between the development of SCMAs and the human well-being of local people by combining field surveys and socioeconomic models.
Conclusions
Our study has shown that surface coal mining expanded extensively in space and rapidly in time across the Ordos region from 1990 to 2015. The area of SCMAs increased from 7.12 km 2 to 355.95 km 2 , at an annual growth rate of 16.91%. The number of SCMAs increased from 82 to 651, at an annual growth rate of 8.40%. The area of SCMAs in the Zhungeer banner showed the largest increase of 158.90 km 2 , which accounted for 45.55% of the total increment of SCMAs in the Ordos region. Between 1990 and 2015, increasing surface coal mining caused a massive grassland loss of 247.45 km 2 , which accounted for 72.70% of the total increase in SCMAs. The urban-rural income ratio increased from 1.72 to 2.60, with an increase of 51.16%. Therefore, effective policies are urgently needed to curb surface coal mining to protect the natural environment and promote sustainable development in the region.
